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1.0  Technical  Description  of  Progress 

1.1  Experimental  Progress 

During  the  period  of  this  contract  an  experiment  was  designed,  built 
and  tested  for  investigations  of  the  transport  and  stability  of  long  pulse 
electron  beams  through  cavity  systems.  Rgure  1  depicts  the  experimental 
configuration  for  this  research.  A  ten  cavity  system  was  fabricated  and 
cold-tested  with  a  TMhq  resonance  frequency  at  2.5  GHz.  This  frequency 
was  chosen  for  two  reason:  first,  it  corresponds  to  the  S-band,  where  we 
have  an  extensive  array  of  experimental  equipment,  including  a  high  power 
pulsed  microwave  source.  Second,  the  length  of  the  cavities  was  chosen 
as  1/4  RF  cycle  for  an  electron  transit  time,  yielding  a  convenient  cavity 
length  of  about  2  cm.  Each  cavity  was  fabricated  with  a  microwave 
coupling  loop  oriented  to  detect  the  TMf  fo  cavity  mode  which  is  subject 
to  the  beam  breakup  instability.  Cold-tests  were  performed  on  each  of  the 
ten  cavities  with  the  results  summarized  in  Table  1 .  It  can  be  seen  that 
the  cavity  resonance  frequency  (2.51  GHz  ±  0.002)  and  Q  are  very  well 
controlled  (Q=  21 0  ±  30).  Cavities  were  Isolated  by  short  cutoff  sections 
of  copper  tube.  The  cavities  were  placed  inside  a  6  inch  diameter  tube 
which  acted  as  both  a  vacuum  chamber  and  solenoid.  The  capacitor  bank 
driving  this  solenoid  was  upgraded  to  a  two-stage,  SCR  switched.  Mane 
generator,  with  double  sided  charging  of  {±  450  V)  electrolytic  capacitor 
banks.  This  permitted  a  solenoidal  magnetic  field  of  up  to  5  kG. 

Initial  experiments  were  performed  on  a  moderate  size  electron 
beam  generator  (Febetron)  with  long-pulse  modules,  operating  at 
parameters  given  in  Table  2.  Initial  experiments  compared  velvet  versus 
carbon  brush  cathodes.  The  carbon  brush  cathode  was  chosen  for  its 
ability  to  generate  a  uniform  pencil  beam.  A  graphite  anode  was  employed 
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screen  room 


Figure  1 .  Experimental  Configuration. 


with  a  circular  aperture  which  gave  extracted  currents  of  20  to  1 00  A, 
well  below  the  vacuum-limiting  current  in  the  six  inch  solenoid  tube. 

Signals  from  the  RF  coupling  loops  in  the  first  (or  second)  cavity  and 
the  last  cavity  were  run  from  semi-rigid  coaxial  cable  to  the  Faraday  cage 
for  measurement  of  frequency  and  power.  By  adding  attenuation  to  the 
signal  from  the  later  cavities  we  can  measure  the  RF  gain  as  the  e-beam 
is  transported  through  the  cavities.  Electron  beam  current  is  measured  at 
the  injection  point  by  a  Rogowski  coil  in  the  flange  and  after  transport 
through  the  cavities  by  a  collector  connected  to  ground  though  a  Pearson 
current  transformer. 

Data  from  electron  beam  transport  in  a  ten  cavity  system  is  given  in 
the  attached  paper  from  the  SPIE  conference.  The  data  show  that  the  RF 
signal  at  the  2.5  GHz  frequency  is  amplified  by  42  dB  in  propagating 
through  a  ten  cavity  system.  Further  details  are  given  in  the  SPIE  paper, 
however,  it  should  be  noted  that  the  e-folding  length  and  the  growth-time 
for  the  RF  are  in  reasonable  agreement  (factor  of  two)  with  the 
theoretical  predictions.  Differences  may  arise  because  the  continuum 
theory  may  not  be  valid  for  this  small  number  of  cavities.  The  Febetron 
data  gave  slightly  different  results  than  an  initial  set  of  experiments 
performed  on  MELBA  with  a  five  cavity  experiment.  The  Febetron  data 
showed  a  strong  dependence  on  magnetic  field,  compared  to  the  MELBA 
data  which  was  almost  independent  of  B.  This  behavior  is  expected  since 
the  Febetron  is  in  the  strong  focusing  regime  and  MELBA  operates  in  the 
weak  focusing  regime. 
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TABLE  1 

Microwave  Cavity  Parameters  for 
Beam  Breakup  instabiiity  Experiments 

Cavity  Radius  6.9  cm 

Cavity  TM1 1 0  Mode  Frequency  2.51  ±  0.002  GHz 

Cavity  Q  210  ±30 

Number  of  Cavities  1 0 

Vaocum  Chamber  inside  7.4  cm 

Diameter 

TABLE  2.  Parameters  of  Accelerators  at  University  of  Michigan 

Parameter  Febetron  MELBA 

Beam  Voltage:  -0.3  MV  -0.7  to  -1 .0  MV 

Diode  Beam  Current:  1  kA  1  -  30  kA 

Extracted  Beam  Current  0.02-0.1  kA  0.1 -0.4  kA 

Electron  beam  Pulselength:  0.3  fis  1  to  4  ps 
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1.2  Theoretical  Progress 


Theoretical  research  has  addressed  several  issues.  One  issue  concerns  the 
effect  of  X-Y  coupling  on  the  growth  rate  for  the  beam-breakup- 
instabitity  in  a  solenoidal  magnetic  field.  We  have  solved  the  x-y  coupled 
differential  equations  and  compared  the  resulting  dispersion  relation  to 
the  1-D  result  of  Y.Y.  Lau.  Our  results  show  that  in  the  strong-focusing 
regime,  the  x-y  coupling  yields  two  wave  modes,  which  are  identical  to 
the  1  -D  description,  except  at  twice  the  coupling  constant.  As  expected, 
our  2-D  result  in  the  weak  focusing  regime  is  the  same  as  the  1-D 
description.  This  research  was  recently  published  in  Applied  Physics 
Letters. 

Another  important  analytical  problem  associated  with  the  BBU 
instability  is  the  effect  of  an  e-beam-induced  ion  channel  at  low 
pressures.  We  have  examined  the  cumulative  BBU  utilizing  a  rigid  beam 
model,  and  derived  a  dispersion  equation  that  we  analyzed  in  various 
parameter  regimes.  Assuming  that  e-beam  impact  ionization  is  the 
only  ionization  mechanism,  we  found  that  tiie  ion  channel  by  itself  could 
not  stabilize  the  BBU  instability,  but  it  could  reduce  the  growth  rate 
substantially  (~10'2).  Upon  Introducing  the  beam  betatron  frequency 
sp1^d  we  observed  that  this  leads  to  narrowing  the  unstable  mode  range, 
but  does  not  change  the  results  in  any  major  fashion. 
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Effect  of  x-y  coupling  on  the  beam  breakup  instability 

R.  A.  Bosch  and  R.  M.  Gilgenbach 

Intense  Energy  Beam  Interaction  Laboratory,  Nuclear  Engineering  Department, 

The  University  of  Midiigan,  Ann  Arbor,  Michigan  48109-2104 

(Recdved  4  Sqitember  199(^  accepted  for  publication  13  November  1990) 

In  solenoidal  beam  transport  systems,  motions  in  the  x  and  y  directions  are  coupled  by  the 
vXB  force.  A  two-dimensional  coupled  mode  description  of  the  beam  breakup  (BBU) 
instability  is  presented;  its  dispersion  reladon  is  derived  and  compared  with  the 
one-dimensional  BBU  dispersion  relation.  In  the  two-dimensional  description,  instability 
growth  is  doubled  and  two  additional  wave  modes  are  found  in  the  regime  of  strong  focusing. 
In  the  weak  focusing  regime,  the  two-dimensional  description  gives  the  same  dispersion 
relation  as  the  one-dimensional  model 


We  examine  the  effect  of  coupling  between  the  x  and  y 
directions  of  transverse  motion  in  the  beam  breakup 
(BBU)  instability.  A  dispersion  relation  is  derived  finom  a 
two-dimensional  coupled-mode  description,  yielding  four 
wavemodes.  In  the  strong  focusing  re^me,  two  of  these 
modes  are  identical  to  those  found  with  the  existing  one¬ 
dimensional  theory,  but  with  twice  the  coupling  constant 
In  addition,  we  find  two  modes  not  given  by  the  one¬ 
dimensional  theory.  In  the  weak  focusing  r^ime,  our  re¬ 
sults  reduce  to  die  dispersion  relation  found  by  one- 
dimensional  theory.  This  is  expected  because  x-jrooupling 
vanishes  in  the  weak  focusing  limit 

Existing  descriptions  of  the  BBU  instability  have  con¬ 
sidered  the  interaction  of  an  electron  (or  ion)  beam  with 
linearly  polarized  microwave  oscillations  in  cylindrical 
pillbox  cavities.  Calculations  in  different  r^imes'~^  have 
recendy  been  unified  by  a  one-dimensional  coupled-mode 
theory^  which  rqiroduces  the  earlier  findings  in  their  re¬ 
gimes  of  validity.  This  coupled-mode  theory  also  shows  a 
different  scaling  in  a  previously  undescribed  r^ime. 

The  one-dimensional  coupled-mode  equations  are^ 

d  dx 

+  (la) 

tood  ,\  . 

where  y  =  ( 1  —  0^) is  the  relativistic  mass  factor, 
is  the  b^tron  frequency  iag=eB/mcY  is  the  relativistic 
electron  cyclotron  frequency  in  a  solenoidal  field),  and 
d/dts=d/dt  +  vd/dz  is  the  convective  derivative. 

Assuming  a  disturbance  of  the  form  these 

equations  yield  the  dispersion  relation 

a^-{a]-r)=0,  (2) 

where  (l  =  oi  —  kv  and  F  =  2o)^/(  —  -I- 

-f  KiKao/0. 

In  a  solenoidal  magnetic  field,  the  magnetic  force  is  a 
velocity-dependent  force  coupling  the  x  and  y  motions,  so 
that  a  one-dimensional  description,  such  as  given  by  Eq. 
(1),  may  be  inadequate.’  In  particular,  the  description  of 
the  focusing  force  as  a  harmonic  potential  force  [ytolx) 


may  be  inaccurate  for  solenoidal  focusing.  In  order  to  ex¬ 
amine  this  possibility  for  the  BBU  instability,  we  use  a 
coupled-nx>de  description  which  describes  motion  in  both 
the  X  and  y  directions,  whidi  are  transverse  to  the  beam. 

We  conader  a  magnetized  beam  (fi>^'<  a>(,)  in  a  sole¬ 
noid,  passing  through  cylindrical  cavities  whose  radius  is 
large  compared  to  the  beam  radius,  and  whose  length  and 
spacing  are  small  compared  to  the  scale  length  of  the  beam 
disturbance.  The  TMho  frequem^  the  cavities  is 'de¬ 
noted  Oq.  The  cydotrra  motion  of  the  magnetized  beam 
couples  the  transverse  motions  in  the  x  and  y  directions. 
The  equation  of  motion  for  a  beam  influenced  by  the  trans¬ 
verse  force  per  unit  mass  a(z,f )  is 


d  dx  dy 


(3*) 


d  dy 

Jt'^di 


(3b) 


where  y  =  ( 1  —  /3*)  is  the  relativistic  mass  factor, 
=  eB/mcf  is  the  rdativistic  electron  cyclotron  frequency 
in  the  solenoidal  field,  and  d/dt=d/dt  -|-  vd/dz  is  the  con¬ 
vective  derivative. 

The  TM 1 10  modes  are  excited  by  e-beam  displacements 
according  to 


d^  0)0  d  . 


(4a) 


(4b) 


wliere  ^  is  the  quality  factor  of  the  microwave  cavity.  The 
motle  giving  rise  to  force  is  the  linearly  polarized  mode 
with  magnetic  field  in  the  y  direction  on  axis,  while  Oy 
arises  from  the  orthogonal  linearly  polarized  mode.  Equa¬ 
tions  (3)  and  (4)  are  invariant  un^  rotation  in  the  x-y 
plane.  The  quantity  e  is  the  dimensionless  coupling  con¬ 
stant  of  the  e-beam  to  the  TM|  |o  mode,  given  by* 

c  =  0.422(//Z.)(//17k.4)^/y,  (5) 

where  /  is  the  length  of  the  microwave  cavities,  L  is  their 
spacing,  and  I  is  the  beam  current.  For  disturbances  with 
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(Oo<0,  Q  must  be  replaced  by  —  Q.  This  yields  the  same 
equations,  henceforth  we  shall  only  consider  <uo>0. 

If  we  set  ny  :=  0  in  Eq.  (3b)  and  disr^ard  Eq.  (4b),  we 
obtain  the  one-dimensional  BBU  description  of  Eq.  ( 1 ),  as 
weU  as  the  solution  x=c'y/dt=0,  i.e.,  (1  =  0.  This  situation 
would  arise,  e.g.,  if  the  microwave  mode  giving  rise  to 
were  negligible  as  a  result  of  preferential  damping  etc.  In 
cases  with  cylindrical  symmetry,  both  microwave  modes 
may  be  excited,  and  their  combination  may  not  yield  a 
linearly  polarized  wave.  The  two-dimensional  description 
of  transverse  beam  dynamics  may  be  utilized  in  this  case. 

For  a  disturbance  of  form  Eqs.  (3)  and 

(4)  yield  the  dispersion  relation 

ci*+(iH-e>l  +  2r)  +  r^=o.  (6) 

where  (l  =  a  —  vk,  F  =  -+■  Oo  ■ 

-b  Uooio/Q),  and  Fj^  =  — 

The  resonant  modes  (<a  =  <Uo)  obey 


+  4ict>leQ±  (to*  +  Sioieai^eQ) 
2 


+  4io}leQ±  (.at*  +  Suao^leQ) 
2 


X[l^al(6}*  +  Sicila>l€Q) 


xa-i/Q). 


(8) 


Equations  (7)  and  (8)  describe  four  resonant  modes.  Two 
of  the  modes  have  Im(A;)  >0,  and  thus  can  give  rise  to 
convective  growth.  Equation  (8)  is  useful  in  estimating  the 
group  velocity  of  a  disturbance  with  frequencies  centered 
at  <uo  according  to 


v,=  [Ke{dk/a<o)\^]-\ 


(9) 


The  expected  behavior  of  a  disturbance  (for  sufficiently 
large  time)  is  that  it  will  be  dominated  by  the  fastest  grow¬ 
ing  mod^  Le.,  ta  =  afy  The  peak  of  the  disturbance  will 
move  at  the  velocity  given  by  Eq.  (9),  while  its  amplitude 
will  evolve  as  Im(k)z.  In  order  to  examine  the  amplitude 
at  fixed  z,  the  Green’s  function  may  be  constructed  from 
the  dispersion  relation. 

In  the  limit  of  strong  focusing  (|F|^|  -<  <»J),  the  dis¬ 
persion  relation  is  approximated  by 

(a*  -  (<aj  -  2F) ]  [n*  -  F*/6)J]  =0.  ( 10) 

For  comparison,  the  dispersion  relation  of  the  one¬ 
dimensional  description  of  the  BBU^  is  (1^  —  (®J 
—  F)  =  0.  For  strong  focusing,  the  modes  obey 

k\^={l/v)[<Oo±io}f  +  2i(ol£Q/c}f)],  (11a) 


Ac|^=(l/i;)[<»o±2«a^C/<a,],  (11b) 


Re(ak/aa.l.^)  =  ( \/d)  ( 1  (12) 


Equation  (12)  describes  the  modes  of  (11a)  and  (11b). 
We  note  that  the  e-folding  length  of  the  growing  modes 
[Im(A:)>0]  is  the  same  for  (11a)  and  (11b);  the  group 
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velocities  are  also  equal.  The  e-folding  length  is  propor¬ 
tional  to  the  magnetic  field  strength. 

A  growing  disturbance  described  by  Eq.  (11a)  [with 
the  plus  sign,  so  Im(A:)  >0]  will  propagate  at  the  group 
velocity  found  with  Eq.  (12),  growing  as  e]q>[Im(k)z], 
where  Im(A:)  is  given  by  ( 1  la).  The  growth  rate  is  tmoe 
that  found  with  the  one-dimensional  approach^^  [Eqs. 
(5.14)  and  (5.15)  of  Ref.  2],  while  the  grotq>  vdodty  is 
reduced.  This  is  a  result  of  the  fector  of  two  multiplying  F 
in  the  first  factor  of  Eq.  ( 10)  which  does  not  iqipear  in  Eq. 
(2). 

In  order  to  describe  the  modes  of  ( 1  la)  using  the  ex¬ 
istent  one-dimensional  theory,  it  is  sufficieat  to  use  double 
the  value  of  coupling  constant  e  given  by  Eq.  (5).  This 
accounts  for  the  existence  of  twice  as  many  microwave 
modes  as  were  included  in  the  one-dimensional  iq)proach. 

Two  additional  wave  modes  [Eq.  ( 1  lb)],  not  found  in 
the  one-dimensional  description,  result  from  consideration 
of  the  coupling  between  x  and  y  degrees  of  freedom.  In  the 
limit  of  low  beam  current  (£->0),  these  modes  have  0  =  0, 
while  the  modes  of  Eq.  (11a)  have  0=  ±(  —<»,.).  The 
modes  of  Eq.  ( 1  lb)  have  growth  rates  equal  to  those  of  Eq. 
(11a).  Their  contribution  to  the  Green’s  function 
{G'(z,f)  exp[^r  —  ik(to)z]}  has  the  same  asymptotic 
response  [multiplied  by  exp(uOeZ/v)].  As  a  result,  they  may 
be  expected  to  play  a  significant  role  in  BBU  growth.' 

In  the  case  where  the  wavelengths  of  the  convecdvely 
unstable  modes  [Eqs.  ( 1  la)  and  ( 1  lb)  with  plus  agns]  do 
not  greatly  exceed  the  lengths  of  the  microwave  cavities, 
finite  transit  time  effects  wiO  reduce  BBU  growth.*  The 
convectively  unstable  mode  of  Eq.  (11b)  has  a  longer 
wavelength,  so  that  its  growth  reduction  may  be  less  se¬ 
vere.  Thus,  it  may  be  the  dominant  unstable  mode. 

In  the  limit  of  weak  focusing  (|F|^|  >  <Uc),  the  dis¬ 
persion  relation  reduces  to 

2Fn^-|-F^=(n^-f  F)^=0,  (13) 

*U=(l/*'){®o±(l+On>oe'^C*^}.  (14) 

ak/a<al^=(l/i;) [1  ± (1  - /)e*"C^(l  -  t/^C)]. 

(15) 

These  solutions  are  identical  to  those  obtained  in  the  one¬ 
dimensional  approach  with  weak  focusing.  For  weak  fo¬ 
cusing,  motion  in  the  two  transverse  directkms  is  decou¬ 
pled,  so  that  the  one-dimensional  and  two-dimensional 
results  are  expected  to  be  the  same. 

Using  Eqs.  (11),  (12),  (14),  and  (15),  the  BBU  in¬ 
stability  behavior  can  be  modeled  for  strong  or  weak  fo¬ 
cusing.  The  wavelength  of  a  resonant  unstable  mode  .is 
A  =  27r/Re(k),  the  c-folding  length  is  /,  =  [Im(A)]  ~ ',  the 
convective  growth  time  is  r,  =  fg/Vg.  For  a  disturbance  re¬ 
sulting  from  an  impulse  at  (z,t)  =  (0,0),  the  disturbance  at 
position  “z”  will  be  maximum  at  the  time  l„  =  z/Vg. 

In  summary,  the  effects  of  x-y  coupling  on  the  BBU 
instab'’'ty  have  been  examined  with  a  two-dimensional  de¬ 
scription  of  the  BBU  instability.  In  the  strong  focusing 
regime,  the  x  and  y  directions  of  motion  arc  coupled,  so 
that  the  two-dimensional  description  yields  results  not 
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found  in  the  one-dimensional  description  with  harmonic 
focusing  force.  Two  wave  modes  are  found  which  are  iden¬ 
tical  to  those  of  the  one-dimensional  description  for  twice- 
the  coupling  constant  Two  additional  modes  are  found 
which  do  not  appear  in  the  one-dimenskmal  approach. 

In  the  weak  focusing  r^ime,  the  two-dimensional  de¬ 
scription  ^ves  the  same  dispersion  relation  as  the  one- 
dimenrional  model. 
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ABSTRACT 

Experiments  have  been  performed  to  investigate  the  beam  breakup  (BBU) 
instability  in  electron  beams  transported  through  RF  cavity  systems.  Experiments  have 
utUized  two  accelerators:  1)  a  Febetron  accelerator  operating  with  eneipr  =  100-300  keV, 
extracted  current  =  10-100  A,  and  pulse  length  s  300  ns  and  2)  the  Michigan  Electron  Long 
Beam  Accelerator  (MELBA),  with  energy  =  0.6-0.9  MeV,  extracted  current  =  100-400  A 

and  pulselength  =  0.5-2  |is.  The  transport  system  consists  of  5  or  10  RF  cavities  with  Q 
=  210  ±  30.  The  cavities  are  coimected  by  cutoff  waveguide  sections,  which  prevent 
electromagnetic  coupling  between  cavities  in  order  to  eliminate  the  regenerative  BBU.  Each 
cavity  has  a  microwave  probe  to  detect  growtir  of  e-beam  emission  in  the  ncm-axisymmetric 
TMi  10  naode  at  2.5  GE&,  corresponding  to  the  BBU.  Solenoidal  magnetic  fields  of  1-3  J 
kG  are  applied.  Initial  experimental  data  m  the  Febetron  show  strong  (>40  dB)  growth  of 
RF  at  2.5  GHz  between  &e  first  and  tenth  cavity.  MELBA  data  shows  about  20  dB  RF 
growth  between  the  2nd  and  5th  cavities  in  a  5  cavity  system.  Up  to  85%  of  the  injected 
current  is  transported  through  the  cavity  systeiiL  The  magnitude  of  BBU  growth,  its 
dependence  on  current  and  magnetic  field,  and  the  onset  time  to  RF  peaking  are  consistent 
with  theory. 


1.  INTRODUCTION 

The  beam  breakup  instability  (BBU)  is  a  primary  problem  in  the  development  of 
high-brightness,  long-pulse  linear  electron  acceloators.  The  BBU  instability  is  caused  by 
an  unstable  coupling  between  the  transverse  motion  of  the  charged  particle  be^  and  a  ncm- 
axisynunetic  mode  of  the  accelerating  cavities,!"^  e.g.  the  TMhq  resonant  cavity  mode. 
BBU  growth  is  a  concern  because  it  can  cause  a  number  of  effects  ranging  from  the  loss  of 
beam  quality  to  the  total  loss  of  beam  to  the  walls  of  the  accelerator^.  Experiments  at  the 
Uiuversity  of  Michigan  are  directed  toward  acquiring  a  greater  understanding  of  BBU  with 
the  particular  purpose  of  discovering  its  associated  scaling  laws  and  uncovering  techniques 
to  suppress  the  BBU.  The  iiutial  experiments  on  diagnosing  and  identifying  the  BBU  are 
presented  here. 


2.  EXPERIMENTAL  CONFIGURATION 

Two  long-pulse  electron  beam  accelerators  were  employed  in  this  research:  1)  a 
Febetron  generator  with  diode  parameters:  voltage= 100-300  kV,  cutTent=l  kA,  and 
pulselength=300  ns,  2)  Michigan  Electron  Long  Beam  Accelerator  (MELBA)  with  dode 


parameters;  voltage=0.6-0.9  MV,  cunent=10  kA,  pulselength=0.5-2  jis.  A  comparison  of 
the  two  accelerators  is  presented  in  Table  1. 

Initial  experiments  were  performed  on  the  Febetron  generator.  The  experimental 
configuration  is  depicted  in  Figure  1.  The  electron  beam  is  generated  from  a  planar  brush 
cathode  in  a  shielded  area  of  Ae  cathode  stalk.  The  anode  consists  of  a  circular  carbon 
plate  with  a  1.0  cm  diameter  aperture  at  the  center,  which  allows  20  -  100  A  to  pass 
through,  depending  on  the  magnetic  field.  The  diode  and  drift  tube  are  immersed  in  a 
uniform  magnetic  field  that  can  be  varied  from  1000  -  5000  G.  This  magnetic  field  is 
produced  by  a  solenoid  wound  directly  on  the  diode  and  drift  tube  regions;  an  SCR- 
switched  ±  900  V  double-sided  electrolytic  capacitor  bank  drives  the  solenoid.  The 
experiments  were  performed  in  vacuum  on  the  order  of  10“^  Torr. 

Inside  the  drift  tube  are  ten  brass  resonant  cavities  with  the  dimensions  of:  inner 
radius  of  6.9  cm  and  length  of  2.0  cm.  The  cold-test  RF  parameters  of  these  cavities  are; 

TMi  10  mode  frequency  =  2.5 1  GHz  +  0.2%,  Q  =  210  ±  30  (see  Table  2).  The  cavities  are 
separated  by  smiler  diameter  copper  tubes  (n>  =  3.4  cm,  length  =  3  cm  or  1  cm)  whose 
purpose  is  to  cut  off  the  propagation  of  the  ^damental  mod^  arising  in  the  cavities,  in 
effect  electromagnetically  isolating  each  cavity.  Holes  are  drilled  in  these  small  diameter 
tubes  to  facilitate  vacuum  pumping. 

Inside  the  end  wall  of  each  cavity  is  a  small  circular  antenna  designed  for  maximum 
coupling  with  the  TMhq  mode.  The  RF  signal  picked  up  by  the  antenna  is  transmitted 
through  a  semi-rigid  coaxial  cable  to  the  outsit  of  die  vacuum  chamber.  The  signal  is  dien 
transmitted  via  RG/8  coax  to  either  an  S-band  waveguide  to  the  Faraday  cage  or  directly  to 
the  Faraday  cage.  Inside  the  Faraday  cage,  RF  frequency  and  signal  strength  were 
measured  using  frequency  filters  and  diode  detectors,  respectively.  In  these  initial  Febetron 
experiments  only  the  RF  from  the  first  and  the  10^  cavities  was  measured.  Frequency 
filters  were  used  at  2.5  GHz  corresponding  to  the  TMno  mode  and  1.6  GHz 
corresponding  to  the  TMqio  mode. 

The  electron  beam  current  is  measured  before  entering  the  first  cavity  and  after 
exiting  the  last  cavity.  The  entering  current  is  measured  using  a  Rogowski  coil  imbedded 
in  the  anode  flange.  The  exiting  current  is  measured  by  means  of  a  collector  plate 
connected  to  ground  with  a  conducting  strap;  a  Pearson  coil  is  placed  around  the  strap  to 
measure  the  return  current  flowing  to  ground.  The  injected  currents  used  in  these  Febetron 
experiments  were  in  the  range  of  20  -  100  A. 

Preliminary  experiments  have  also  been  performed  on  the  Michigan  Electron  Ixmg 
Beam  Accelerator  (MELBA).  The  MELBA  electrcm  beam  is  generated  from  a  planar  velvet 
cathode  in  a  shielded  guard  ring.  This  cathode  has  been  shown  to  exhibit  low  diode 
closure  velocities,  permitting  multimicrosecond  e-beam  pulselengths.  Large  diameter 
magnetic  Held  coils  are  used  in  the  diode  region;  these  are  pulsed  by  an  ignitron-switched 
capacitor  bank.  The  diode  magnetic  field  was  kept  at  a  constant  800  G  for  the  experiments 
reported  here.  The  anode  is  a  circular  carbon  plate  with  a  2  cm  diameter  aperture  which 
extracts  100-4(X)  A.  The  rest  of  the  MELBA  experiment  is  identical  to  the  Febetron 
configuration  except  that  only  5  resonant  cavities  were  used,  and  that  RF  was  measured  in 
the  second  and  fifth  cavities. 

The  advantage  of  using  these  two  accelerators  is  that  their  differing  parameters 
result  in  BBU  growth  in  two  different  growth  regimes.  The  electron  beam  prt^uced  by  the 
Febetron  falls  into  the  growth  regime  of  "strong  focusing" ,5.6  while  MELBA  produces  a 


beam  in  the  "weak  focusing"  region.  This  provides  the  opportunity  to  examine  the 
scaling  of  the  beam  breakup  instability. 


3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
3. 1  Febetron  Experimental  Results  and  Discussion 

Measurements  were  made  of  the  RF  emission  detected  by  probes  in  at  least  2 
cavities  per  experimental  run.  Data  from  two  shots  is  shown  in  Figure  2,  for  the  case 
where  the  microwave  cavities  were  separated  by  copper  tubes  of  3  cm  length  (t»vity 
spacing  =  6  cm).  The  uppermost  trace  is  the  diode  detector  signal  from  the  antenna  in  the 
10^  cavity.  The  signal  passed  through  a  frequency  filter  centered  at  2.5  GHz  (bandwidth  = 
20  MHz)  after  it  had  bem  attenuated  by  45  The  next  trace  is  the  diode  detector  signal 
from  the  first  cavity;  it  has  not  been  Altered  for  frequency  except  by  the  S-band  wavejguide 
(>1.7  GHz).  This  signal  has  been  attenuated  by  only  3  dB.  The  center  trace  is  the 
Febetron  voltage  signd.  The  bottom  two  traces  are  the  transported  and  injected  currents 
respectively.  The  microwave  power  was  found  to  increase  by  approximately  42  dB 
between  ^e  frrst  and  lOth  cavities;  the  RF  power  in  the  10th  cavity  was  primary  at  2.5 
GHz,  the  expected  BBU  frequency.  When  the  experiment  was  repeated  with  microwave 
cavities  separated  by  copper  tubes  of  1  cm  (spacing  =  3  cm),  similar  results  were  obtained, 
with  microwave  growth  of  40  dB  between  the  first  and  the  10th  cavities. 

Figure  3  shows  the  fraction  of  current  transported  as  a  function  of  the  applied 
magnetic  field.  The  fraction  of  current  that  was  transported  was  found  to  increase  nearly 
linearly  with  the  magnetic  field  from  zero  at  no  applied  magnetic  field  to  100  A  at  4  J  kG 
(the  highest  field  s^plied). 

From  the  Febetron  data,  four  comparisons  with  BBU  theory  were  obtained.  A 
two-dimensional  mode-coupling  model  of  BBU  growth*^  predicts  a  dispenion  relation 
for  two  convectively-growing  BBU  wavemodes  in  the  strong  focusing  regime: 

k(®o)  =  (l/v)(a)o  +  cat  +  2ioaio^  c  Q/t0c)» 

k((iio)  =  (l/v)(%  +  2icHo2eQ/(iJc)  (1) 


where  V  is  the  electron  beam  velocity,  cOq  is  the  TMj  jq  mode  frequency,  co^  is  the 
cyclotron  frequency  (eB/mcy),  e  is  the  dimensionless  coupling  constant  proportional  to 
the  e-beam  current,^  and  Q  is  the  cavity  quality  factor.  The  imaginary  part  of  k  is  the 
growth  rate;  its  reciprocal  is  the  e-folding  length  of  the  unstable  BBU  mode. 

This  model  also  gives  a  timescale  for  maximum  growth  of  the  BBU  excitation  at 
a  given  distance,  z : 


t 


max 


2  _z((Oc-i-4eQ^(Oo) 


(2) 


where  Vg  is  the  group  velocity  of  the  BBU  disturbance. 
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The  measured  RF  power  growth  of  42  dB  implies  an  RF  amplitude  growth  of 
about  130  over  0.6  m,  corresponding  to  an  e-folding  length  of  12  cm.  For  the 
experimental  parameters,  eq.  (1)  gives  an  e-folding  length  of  27  cm,  about  a  factor  of 
two  larger.  factor  of  two  discrepancy  may  result  from  uncertainty  in  the  following 

experimental  parameters  used  in  eq.  (1):  1)  Transported  current  was  not  equal  to 
injected  current,  2)  Febetron  voltage  varied  with  time,  3)  Experimental  Q  could  be 
higher  than  the  cold-test  Q  due  to  Imth  the  attachment  of  Ae  intercavity  copper  tubes 
and  the  orthogonal  polarization  to  the  coupling,  4)  Continuum  theory  may  not  be 
accurate  for  a  10  cavity  system. 

The  e-folding  length  in  the  strong  focusing  regime  is  proportional  to  the  inter¬ 
cavity  spacing,  so  that  the  growth  per  cavity  is  expected  to  be  independent  of  their 
spacing.  This  is  in  agreement  with  our  observation  that  a  change  in  spacing  from  6  cm 
to  3  cm  has  little  effect  upon  the  BBU  growth  of  the  system. 

The  10th  cavity  RF  signal  strength  is  plotted  versus  solenoidal  magnetic  field  in 
Figure  4(a),  The  power  in  the  BBU  mode  ^aks  at  a  magnetic  field  of  about  2.5  kG. 
Figure  shows  the  ratio  of  transported  current  to  magnetic  field  (I/B),  plotted  vctsus 
magnetic  Held.  A  peak  at  2.5  kG  is  again  observed,  ^nation  (1)  pr^cts  that  BBU 
growth  is  proportional  to  I/B,  so  that  the  coincidence  of  peaks  at  2.5  kG  in  Figures  4(a) 
and  4(b)  is  consistent  with  theory. 

The  observed  time  to  the  onset  of  maximum  RF  power  is  presented  in  Figure  5,  for 
coinpanson  with  theoretical  values  obtained  with  equation  (2).  The  elapsed  time  from  the 
beginning  of  the  pulse  to  the  RF  peak  in  the  tenth  cavity  is  consistent  with  the  theoretical 

values.  It  must  be  noted,  however,  that  the  Febetron  voltage,  and  therefore  v,  e,  and  t0c» 
change  over  comparable  time-scales,  so  that  BBU  growth  may  be  impeded  by  the  changing 
nature  of  the  resonant  Rowing  m<^.  This,  as  well  as  the  ability  to  access  the  "wet^ 
focusing  regime,"  motivated  the  experiments  on  MELBA,  described  in  the  following 
section. 

3.2  MELBA  Experimental  Results  and  Discussion 

The  M^BA  BBU  experiment  utilized  5  cavities  with  spacing  of  3  ciil  RF  power 
was  measured  in  the  second  and  fifth  cavities.  Data  is  shown  in  Figure  6  for  two  similar 
pulses.  MELBA  voltage  is  the  uppermost  trace  followed  by  RF  in  the  fifth  cavity  which 
has  been  attenuated  by  20  dB,  RE  in  the  second  cavity  with  no  attenuation,  transported 
current,  and  finally  the  lowermost  trace  is  the  injected  current  The  2.5  GHz  microwave 
power  was  found  to  increase  by  approximately  20  dB  between  the  second  and  fifth 
cavities. 

A  plot  of  RF  power  versus  magnetic  field  is  given  in  Figure  7.  On  MELBA  there 
was  no  correlation  found  between  the  level  of  2J5  GHz  microwave  growth  and  the  applied 
magnetic  field.  This  is  in  fact  consistent  with  theory  which  predicts  that  a  "weak  focusing" 

dispersion  relation  is  independent  of  the  magnetic  field^»7.  The  "weak  focusing"  dispersion 
relation  is: 


k(o)o)  =  -{tOo  ±  (1  +  i)(OoV^} 


(3) 


Figure  8  shows  the  relationship  between  the  RF  power  and  e-beam  current  The  RF  power 
was  found  to  increase  with  increasing  current  as  is  expressed  in  the  coupling  factor,  e,  of 
the  dispersion  relation. 

From  eq.  (3),  the  BBU  e-folding  length  is  calculated  to  be  3  cm  for  the  MELBA 
parameters.  This  implies  26  dB  microwave  power  growth  over  the  9  cm  separating  the 
2nd  and  5th  cavities,  compared  with  20  dB  observed  experimentally.  Because  3  cm  is  not 
long  compared  with  the  cavity  lenj^s  and  separation,  the  assumptions  of  continuum  BBU 
theory  are  not  rigorously  satisfied^.  Finite  transit  time  effects  are  expected  to  reduce  BBU 
growth  compart  with  the  prediction  of  the  continuum  theory.  Nevertheless,  the  theory 
yields  reasonable  agreement  with  the  observed  behavior.  Alternatively,  matrix 
multiplication  may  be  used  to  obtain  more  accurate  predictions  in  this  case.  ^ 

4.  CONCLUSIONS 

Initial  experiments  on  the  beam  breakup  instability  have  been  performed  on  two 
long-pulse  electron  beam  accelerators:  MELBA  and  a  Febetron.  The  following 
conclusions  can  be  made: 

1)  The  growth  of  TMi^q  frequency  was  found  to  increase  at  a  rate  of  about 

4.6  dB  per  cavity  for  the  Febetron,  which  is  twice  the  expected  amount  of  BBU 
growth  for  those  parameters. 

2)  The  growth  of  TM^  jq  radio  frequenqr  was  found  to  increase  at  a  rate  of  about 

6.6  dB  per  cavity  in  the  MELBA  experiments,  which  is  comparable  to  theory. 

3)  The  Febetron  BBU  growth  rates  for  the  "strong  focusing"  regime  show  the 
expected  dependence  on  the  ratio  of  transpcTied  current  to  magnetic  field. 

4)  The  MELBA  BBU  growth  rates  for  the  "weak  focusing"  regime  show  the 
expected  independence  of  magnetic  field. 

5)  The  growth  rate  in  both  the  "strong"  and  "weak  focusing"  regimes  shows  the 
expected  dependence  on  electron  beam  current 

6)  The  time  required  for  the  growth  of  the  BBU  disturbance  is  consistent  with 
theory  in  the  strong  focusing  regime. 

7)  In  the  strcmg  focusing  regime,  BBU  growth  per  cavity  was  nearly  independent 
of  cavity  spacing,  consistent  with  theory. 
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TabI*  1 

^r^itteratof  Comparison 


Febetroh 

MELBA 

a-Baam  Voftaga 

0  J  -  0.4  MV 

0.6-1.0  MV 

a'Beatn  Oioda  Coffant 

0.1-1  kA 

1-10  kA 

a-Baam  Current  Extracted  20  -  100  A 

100  -  400  A 

e-Baam  Pufsalength 

300  •  400  ns 

0.5-5  |is 

Beam  Radius 

0.5  cm 

1.0  cm 

Cavity  Radius 

6.9 'em 

6.9  cm 

Cavity  TMtio  mode 

2J5GH2 

25  GHz 

frequency 

Cavity  TMqio  mode 

1.6  GHz 

1.6  GHz 

frequency 

Number  of  Cavities 

10 

5 

Vacuum  Charrtber 

7.4  cm 

7.4  cm 

Radius 

Cavity  System  Length 

0.6  m 

02  m 

Table  2 

?rYlW  Parameters 

TMno  Mode 

Fr^uency 

(GHz) 

TMjiO 

Q 

Cavity  #  1 

2509 

190 

Cavity  #  2 

2510 

210 

Cavity  #  3 

2510 

220 

Cavity  •  4 

2515 

200 

Cavity  f  5 

2507 

240 

Cavity  i  6 

2510 

190 

Cavity  •  7 

2510 

210 

Cavity  1  8 

2508 

160 

Cavity  #  9 

2515 

210 

Cavity  #  10  2510 

220 

ho7  Cl 


Figure  2.  Dau  taken  in  two  Febetron  shots  at  a^gnedc  flel^f  2 J2  kG  a)  10th cavity  Z5  GHz RF 
signal  attenuated  by  45  dB  (200  mV/div),  b)  1st  cavity  full  S-band  (lOOmV/div)  RF  signal 
attenuated  by  3  dB,  c)  Diode  voltage  pulse  (162  kV/div),  d)  Transp<Mled  current  (20  A/div).  e) 
Injected  cunent  (37  AA^v) 
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Figure  3.  Raction  of  cunent  transported  versus  magnetic  field  for  Febetion 
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Figure  4a.  Peak  lOih  cavity  RF  (2J  GHz)  signal  vs.  magnetic  field  for  Febetron 


Ourent/Maf.  field  ^  Magoelic  Held 
no 

m 

m 

no 

M 


no 


aoM  04tf  oete  aota  leoe 

BCO) 

Figure  4b.  Ratio  of  transpcKted  current  to  magnetic  field 
vs.  magnetic  field  for  Febetron 
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Figure  S.  Comparison  of  experimental  time  to  RF  peaking  (25  GHz)  to 
the  theoretical  ^ue  of  time  to  maximum  BBU  growth  rate 
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Figure  6.  Data  from  two  similar  MELBA  shots  at  a  magnetic  field  of  2.95  kG  a)  MELBA  diode 
voltage  pulse  (310  kV/div),  b)  5th  cavity  25  GHz  RF  signal  attenuated  by  20  dB  (20  mV/div),  c) 
2nd  cavity  full  S-band  signal  (no  attenuation)  (50  mV/div),  d)  Transported  current  (lOOA/div)  el 
Injected  curent  (217  A/div) 
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Figure  8.  Peak  RF  power  in  the  fifth  cavity  venus  the  tranqiorted  current  for  MELBA 


